ABSTRACT The service life of a blast furnace hearth is considered as a key factor limiting the service life of a blast furnace. The erosion of the hearth lining is generally inhomogeneous, and localized depression erosion often occurs. Since the conditions inside the blast furnace hearth cannot be directly measured, it is a common practice to use the existing thermal parameters to estimate the erosion, which can provide a basis for the safe production of the blast furnace. In this context, based on the anatomical data of the No. 2 commercial blast furnace, the three-dimensional erosion model is established, and the feasibility of the computational model is verified. Then, 15 computational models with localized depression erosion at different locations are established. The finite element method is used to simulate the heat flux of the cooling staves of each model. The results show that under normal cooling and heat transfer conditions, the remaining thickness of the hearth lining is inversely proportional to the heat flux of the cooling staves. The closer the localized depression erosion is to the cooling stave, the greater the effect on the heat flux of the cooling stave. If the localized depression erosion is far enough away from the cooling stave, it will have little effect on the heat flux of the cooling stave. On this basis, we summarized a method of judging the location of localized depression erosion according to the relationship between the localized depression erosion and the cooling stave heat flux. It should be noted that when the localized depression erosion is located at the junction of the cooling staves, the increase in heat flux will not be too large, which is easily overlooked. In order to prevent the occurrence of safety accidents, we should pay more attention to this situation.
I. INTRODUCTION
The service life of a modern blast furnace is mainly determined by the remaining thickness of the hearth lining [1] - [5] . Safety is considered as the most significant issue for the blast furnace operation. The hearth is the most accident-prone part, and once the hearth accident will cause huge safety risks and economic losses. Caused by hot metal scouring, thermal stress, and chemical erosion, etc., the remaining thickness of the hearth lining reduces constantly [1] , [6] - [9] . Since the erosion of the hearth lining is caused by a variety of
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If the inhomogeneous erosion is not treated in time, the service time of the blast furnace will be greatly shortened. On September 1, 2017, the New No.1 blast furnace of Benxi Ironmaking Plant was burned through, causing a massive fire [10] . On August 25, 2014 , the New No.3 blast furnace in a steel plant was burned through, causing a fire and one death [11] . On October 27, 2012, a 1780m 3 blast furnace was burned through, with a service life of only 3 years and 10 months [12] . On February 5, 2012, a 2800m 3 blast furnace in Tianjin Tiantie Metallurgy Group was burned through, with a service life of only 2 years and 7 months [13] . On August 20, 2010, the No.1 blast furnace of Shagang Group was burned through, causing a fire [11] . Investigations on the above-mentioned blast furnaces show that there is serious inhomogeneous erosion in their hearths. It is precisely because the serious inhomogeneous erosion of hearth was not found in time that the above-mentioned safety accidents were caused. We believe that the root cause is the lack of a correct understanding of the heat transfer process in the furnace.
To extend the service life of the blast furnace, it is necessary to carry out furnace protection operation when hearth localized depression erosion occurs [5] , [14] . Common protective measures include limiting production, adding titanium ore [15] , [16] , and strengthening cooling intensity [17] . Mastering the location of the localized depression erosion can make the furnace protection work more targeted. However, due to the high temperature inside the hearth, it is difficult to observe localized depression erosion directly. Therefore, it is especially important to investigate how to use existing thermal measurement parameters to judge the location of localized depression erosion.
During the construction of a blast furnace, some thermocouples will be placed in the hearth lining according to certain rules. Many researches have focused on how to take advantage of the data measured by thermocouples to estimate the location of localized depression erosion. And many achievements have been made [18] - [23] . In the case of a sufficiently effective thermocouples, the erosion profile of the hearth can be predicted relatively accurately. However, all these works are built on the condition where there are enough effective thermocouples. Because of a long-term working under high temperature, some thermocouples are invalidated at the later period of blast furnace service. If there are too many invalidated thermocouples, the above methods will no longer be applicable.
In addition to thermocouple data, the cooling stave heat flux also can be used to judge the location of localized depression erosion. However, most of the studies on localized depression erosion are related to thermocouples, and few are related to the heat flux of cooling stave. After a large number of thermocouples are invalidated, we will have to rely on the heat flux of the cooling stave to ensure safe production. Therefore, it is necessary to carry out related study on the regularity of localized depression erosion and cooling stave heat flux.
In December 2013, the No. 2 blast furnace of a steel plant was overhauled due to the abnormal increase of cooling stave heat load. By dissecting the blast furnace, it was found that the hearth lining corresponded to the abnormal heat load area of the cooling staves had serious localized depression erosion, and the remaining thickness of the lining in the thinnest part was 315 mm. Taking this blast furnace as an example, related research was conducted. In this article, our main objectives are: (1) to construct an erosion computational model based on the measured erosion morphology of the No. 2 blast furnace hearth. Then compare the simulation results with the measured results to verify the feasibility of the computational model. (2) to construct computational models with localized 
II. MODELS AND METHODS

A. PHYSICAL MODELS
The refractory materials of the No. 2 blast furnace hearth include ceramic cup, micro-pore carbon brick and semigraphite carbon brick. Its design structure is illustrated in Fig. 1(a) . The thickness of carbon ramming mix between the cooling stave and the lining is 100mm, the thickness of cooling stave is 120mm, the thickness of insulating refractory mix between the cooling stave and the furnace shell is 40mm, and the thickness of the furnace shell is 40mm.
There are three segments of cooling staves in the hearth region. Each segment has 32 cooling staves evenly distributed in the circumferential direction. There are gaps between different cooling staves. The gap between the different segments of the cooling staves is 67.5mm, and that between the same segments of the cooling staves is 50mm. The gaps are filled with carbon ramming mix. The cooling staves of each segment are arranged alternately, as shown in Fig. 1(b) . Note: Only a portion of the cooling staves are shown in the figure.
The cooling water pipe in the cooling stave is a serpentine pipe with an inner diameter of 45mm. The center of the water pipe is distributed in the middle face of the cooling stave. The serpentine pipe is bent three times in the stave and it can be equivalent to 4 pipes. The cooling water velocity is 3m/s, the average temperature is 30 • C. The thermal conductivity of the materials in the model is shown in Table 1 .
Under normal operating conditions, the hot iron produced by the chemical reaction continuously flows into the hearth and flows out from the tap hole. Under the action of forced convection heat transfer of water in the cooling stave and natural convection heat transfer of air outside the shell, the heat of the hot iron inside the hearth is continuously transmitted from the inside to the outside, and is carried away by the water and the air.
B. METHODS
In this paper, the finite element method [27] - [32] is used for simulation, which is a numerical method commonly used in solving engineering problems. In the field of scientific computing, it is often necessary to solve various differential equations, and the analytical solutions of many differential equations are generally difficult to obtain. The principle of the finite element method is to discretize a differential equation into a number of simple differential equations, and then solve it with professional software. The calculation software used in this paper is ANSYS (version 19.2), which is widely used for simulating engineering problems.
1) HEAT CONDUCTION DIFFERENTIAL EQUATION
The heat transfer of the blast furnace hearth follows the law of conservation of energy. The three-dimensional unsteady heat conduction differential equation in cylindrical coordinate system [33] , [34] can be described as
where, ρ, c, λ,˙ and τ are the density, the specific heat capacity, the thermal conductivity, the heat generated per unit time by the internal heat source per unit volume, and time, respectively. And r, ϕ, z are the cylindrical coordinate system. Due to the long blast furnace tapping time, the heat transfer in the blast furnace hearth is relatively stable. The heat transfer process can be regarded as a steady-state process. The transient term
The direction of heat transfer is from the lining hot face to the inner surface of the cooling water pipe and the surface of the furnace shell. There is no heat source inside the model. The source term˙ =0 (
Besides, the thermal conductivity of the materials is considered to be constant. Equation 1 can be simplified to the following form
2) EQUIVALENT CONVECTIVE HEAT TRANSFER COEFFICIENT OF HEARTH BOTTOM COOLING PIPE
The convective heat transfer coefficient at the inner surface of the stave pipe can be taken according to the empirical formula [25] h water = 208.8
where, v water is the cooling water speed, m/s. The heat flow of a single water pipe at unit length is
where, D pipe is the inner diameter of pipe, m. T m is the mean temperature difference between the fluid and the solid surface on the heat exchanger surface, K. According to the wetted perimeter [35] method, the equivalent convective heat transfer coefficient of the hearth bottom is calculated. It is equivalent to the convective heat transfer coefficient at the inner surface of the water pipe. The equivalent convective heat transfer coefficient of the hearth bottom is h equ . The heat flow of the hearth bottom at unit length can be expressed as
where, d hearth is the diameter of the hearth.
Obtained by the law of conservation of energy equ = N pipe pipe (8) where, N pipe is the number of cooling pipes in hearth bottom. Obtained by equation 6, 7 and 8
3) ASSUMPTIONS AND BOUNDARY CONDITIONS 1. Because the tap hole is far enough away from the erosion location, it is not considered in this study [26] . 2. The temperature of the erosion surface is set to 1150 • C (solidification temperature of carbon saturated iron) [25] . 3. The convective heat transfer coefficient on the inner surface of the cooling stave pipe is calculated by (5) .
It is calculated to be 351.3W/(m 2 ·K). Apply it to the inner surface of water pipe, and the ambient temperature is 30 • C. 4. Equivalent convective heat transfer coefficient of hearth bottom is calculated by (9) . It is calculated to be 50W/(m 2 ·K), and the ambient temperature is 30 • C. 5. The furnace shell is in a natural convection environment. The convective heat transfer coefficient is taken as 10W/(m 2 ·K), and the ambient temperature is 30 • C [26] . 6 . Only a part of the hearth is selected for simulation calculation. It is assumed that there is no heat conduction between this part and its adjacent part, and thus the contact face is set to heat insulating surface. The feasibility analysis of model simplification is presented in section C 2).
C. COMPUTATIONAL DOMAIN SELECTION AND MODEL EVALUATION
During the anatomical study of the blast furnace, it was found that the hearth lining corresponded to the abnormal heat load area of the cooling staves had serious localized depression erosion, and the remaining thickness of the lining in the thinnest part was 315mm (Fig. 2) . The positional relationship between the localized depression erosion and the cooling staves is shown in Fig. 3 . According to the measured erosion morphology, the computational models of this region is constructed. In order to save the calculation cost, only a part of the hearth is taken for calculation. In this paper, only the relationship between the localized depression erosion and the heat flux of the cooling staves nearby is concerned. If the selected computation area is large enough (the cutoff boundary is far enough away from the depression area), the effect of the cutoff boundary on the heat flux of the cooling staves near the localized depression can be negligible. However, under the same calculation accuracy, the large computation area will increase the computation cost. While ensuring the accuracy of the simulation calculation, the calculation domain should be reduced as much as possible.
As shown in Fig. 4 , the hearth regions corresponding to the number of cooling staves of 2.0, 2.5, 3.0, 3.5, and 4.0 in the circumferential direction were respectively selected as computational model. All models are centered on the localized depression erosion.
1) MESHING AND MESH INDEPENDENCE VERIFICATION
In finite element analysis, the model needs to be discretized into a mesh model. In general, the denser the meshes, the higher the accuracy of the solution, but the cost of the solution will also increase. Taking the model with 3.5 cooling staves as an example, the mesh independence analysis is developed.
The cooling staves are discretized by encrypted hexahedral meshes. The rest of the model are discretized by looser tetrahedral meshes. used to evaluate the density of the mesh on the calculation results. (Cooling staves code is shown in Fig. 3 .) The results are shown in Table 2 .
The above four mesh numbers have little effect on the heat flux of the cooling staves A, B and C. It means the model with 3.298 × 10 6 meshes can meet the accuracy requirement. The mesh density is used in all the models in this paper.
2) CUTOFF BOUNDARY INDEPENDENCE VERIFICATION
The five models in Fig. 4 are meshed and simulated. Fig. 6 shows the heat flux fields of the three of these models. It can be observed that when the cutoff boundary changes, the heat flux distribution of the hearth lining is basically the same. The heat flux in the depression area is significantly larger than that in other areas. These phenomena are in line with physical laws.
The heat flux of the cooling staves code A, B, and C are used to evaluate the effect of the cutoff boundary on the calculation results. The average heat flux of the three cooling staves are extracted, as shown in Fig. 7 . It can be observed that as the number of circumferential cooling staves increases (the cutoff boundary becomes farther from the depression area), the heat flux values of the respective cooling staves tend to be stable. Compared with the model with 3.5 cooling staves in the circumferential direction, when the number of staves is 4.0, the difference percentages of heat flux values of cooling staves A, B, and C are 0.32%, 0.59%, and 0.86%, respectively, which can meet the needs of engineering calculation accuracy. When the number of cooling staves is from 3.5 to 4.0, the calculation accuracy increases slightly, but the amount of calculation increases substantially. Therefore, in this study, the model with 3.5 cooling staves in circumferential direction is selected for calculation. Its temperature field is shown in Fig. 8 . The temperature of the hearth gradually decreases from the inside out, which is consistent with the real situation. Fig. 9 shows the measured and simulated heat flux values of the cooling staves code A, B, and C. The simulated values are in good agreement with the measured values. Therefore, the results of the simulation calculations are reliable.
D. THREE-DIMENSIONAL COMPUTATIONAL MODELS WITH LOCALIZED DEPRESSION EROSION
To study the relationship between the location of localized depression erosion and the heat flux of cooling stave, the computational model needs to accurately describe the positional relationship between them. When constructing models, the shape of the depression should be as consistent as possible.
Anatomical study shows that the erosion in the northwest direction of the hearth is relatively uniform. The base model ( Fig. 10(a) ) is established according to the erosion in this direction. Localized depression erosion may occur in the corresponding area of a single stave, at the junction of two or three staves, or between them. The typical locations are shown in Fig. 1(b) .
The computational models are constructed by cutting the base model with a ball (radius 500mm). Ensure that the center of the ball is 900mm from the outside of the lining, that is, the thinnest remaining thickness of the lining is 400mm. The constructed three-dimensional models A1-E1 are shown in Fig. 10(b-f) . Compared with them, models A2-E2, A3-E3 (not shown separately) are differ in the location of the cooling staves. Fig. 11 and Fig. 12 show the temperature fields and the heat flux fields of the middle section of the base model, model A1, and model C1, respectively. As shown in Fig. 11 , the temperature of the lining is high inside and low outside, that is, the direction of heat transfer in the lining is from the inside to the outside. As shown in Fig. 12 , the heat flux at the localized depression is significantly higher than that at other locations. The maximum heat flux of the base model is 28372W/m 2 , while the model A1 and model C1 are 36559W/m 2 and 34558W/m 2 , respectively. Their difference is 28.9% and 21.8% respectively. Under the normal cooling and heat transfer conditions, the remaining thickness of the hearth lining is inversely proportional to the heat flux. This is due to the decrease of thermal resistance of lining caused by localized depression erosion, which increases the heat transferred from the depression area in unit time.
III. RESULTS AND DISCUSSION
A. RELATIONSHIP BETWEEN THE LOCALIZED DEPRESSION EROSION AND THE HEAT FLUX OF COOLING STAVES
Since the cooling stave is located inside the furnace shell, only the average heat flux of the monolithic stave can be measured by existing measurement techniques. Therefore, the simulated average heat flux value of each cooling stave is extracted for study, as shown in Table 3 . The relationships between localized depression erosion and cooling stave average heat flux are discussed below. The conclusions are drawn from the comparison with the base model.
According to the data in Table 3 , it is not difficult to find that localized depression erosion can increase the heat flux of the cooling staves nearby. The closer the localized depression erosion is to the cooling stave, the greater the effect on the heat flux of the cooling stave. It is caused by the large amount of heat transferred from the localized recessed location.
Define the percentage difference from base model is
where, q d is the cooling stave heat flux of the models with localized depression erosion, W/m 2 . q b is the cooling stave heat flux of the base model, W/m 2 . The percentage difference of the computational models A1-E1 is shown in Fig. 13(a) . The percentage difference of the computational models A2-E2 is shown in Fig. 13(b) . And the percentage difference of the computational models A3-E3 is shown in Fig. 13(c) .
Model A1, model A2 and model A3 are taken as examples for discussion. The heights of the localized depression erosion of these three models are the same. In model A1, the deepest location of the depression erosion corresponds to the junction of the cooling stave 2-1 and cooling stave 2-2. The percentage difference of the cooling stave 2-1 and cooling stave 2-2 are 19.6% and 19.0%, respectively. In model A3, the deepest location of the depression erosion corresponds to the center of the cooling stave 2-2. The percentage difference of the cooling stave 2-1 and cooling stave 2-2 are 10.2% and 23.2%, respectively. In model A2, the deepest location of the depression erosion is located in the middle of the depression location of model A1 and model A3. The percentage difference of the cooling stave 2-1 and cooling stave 2-2 are 14.9% and 22.4%, respectively. It is found that the heat flux value of cooling stave is sensitive to the localized depression erosion when the depression corresponds to a single cooling stave. As the localized depression erosion deviates to the boundary of the cooling stave, the sensitivity of the cooling stave heat flux to the depression is gradually reduced.
In contrast to model A3, model B3, model C3, model D3, and model E3, the height of localized depression erosion is increasing. The localized depression erosion gradually moves away from the 1st-segment (1-1, 1-2 ) and the 2nd-segment (2-1, 2-2) cooling stave, and gradually approaches the 3rd-segment (3-1, 3-2) cooling stave. As shown in Fig. 13 (c) , the percentage difference of the 1st-segment and 2nd-segment cooling stave is continuously decreasing, while the percentage difference of the 3rd-segment cooling stave is increasing. This confirms the previous conclusion: the closer the localized depression erosion is to the cooling stave, the greater the effect on the heat flux of the cooling stave. When the location of the localized depression erosion is transferred from D3 to E3, the heat flux of the 1st-segment cooling staves changes very little. It shows that if the localized depression erosion is far enough away from the cooling stave, it will have little effect on its heat flux.
In model C3, the deepest location of the localized depression erosion corresponds to the junction of the cooling stave 2-2, cooling stave 3-1 and cooling stave 3-2. The percentage difference of all six cooling staves is less than 10% (2-2 cooling stave is the largest, 8.5%). The change of heat flux of each cooling stave is relatively small. It is because the total heat transferred from the eroded location is constant. When the localized depression erosion occurs at their junction, the increased heat is shared by them. This situation is very easy to be ignored by blast furnace operators. However, the junction of cooling stave is a weak cooling area, which is prone to localized depression erosion. In order to ensure the safe production of the blast furnace, we need to maintain sufficient vigilance against this situation.
B. JUDGING THE LOCATION OF LOCALIZED DEPRESSION EROSION BASED ON COOLING STAVE HEAT FLUX
The location of the localized depression erosion can be judged according to the relationship between the localized depression erosion and the cooling stave heat flux. If localized depression erosion occurs, the heat flux of cooling staves near the depression will definitely increase. When judging the location of localized depression erosion, we should not only consider the heat flux of the cooling stave with the highest heat flux, but also the heat flux of all the cooling staves adjacent to it. In actual production, there is no basic model. Usually, the average heat flux of the cooling staves in the same segment can be referred to. To judging the location of the localized depression erosion, we should obtain the heat flux of the abnormal cooling stave and the surrounding cooling staves firstly. Then, calculate their percentage difference. Finally, compare with the fifteen cases in Fig. 13 and find the most similar case. The location of the actual localized depression erosion should be located near the erosion location of the case.
The location of localized depression erosion can be roughly divided into the following cases:
1. If the increase in the heat flux of a certain cooling stave is significant, and the increase of the cooling staves adjacent to it is small, the localized depression erosion may occur in the corresponding area of the cooling stave. The greater the difference between them, the closer the localized depression erosion is to the center of the cooling stave. 2. If the heat flux of two adjacent cooling staves in the same segment increases simultaneously, and there is no abnormality in the adjacent staves, the localized depression erosion may occur in the corresponding area of their junction. If the increase in the heat flux of the two cooling staves is different, the location of the localized depression erosion is biased toward the larger one. 3. If the heat flux of two or three adjacent cooling staves in two adjacent segments increases at the same time, the localized depression erosion may occur in the corresponding area of their junction.
If conditions permit, the furnace shell temperature in this area should be measured as an additional judgment parameter. If the shell temperature is abnormal too, it can be verified that there is localized depression erosion in this area. As mentioned above, when localized depression corresponds to the junction of multiple cooling staves, the increase in heat flux is not significant. Therefore, when Case 2 and Case 3 conditions occur, we recommend measuring the shell temperature for verification.
IV. CONCLUSION
Taking the No. 2 blast furnace as the research object, we discussed the variation of the heat flux of the cooling staves when the localized eroded erosion location (in fifteen typical locations) changes. We found that under normal cooling and heat transfer conditions, the remaining thickness of the hearth lining is inversely proportional to the heat flux of the cooling staves. The closer the localized depression erosion is to the cooling stave, the greater the effect on the heat flux of the cooling stave.
We also found that when the localized depression erosion corresponds to a single cooling stave, the heat flux increases relatively large. However, when the localized depression erosion corresponds to the junction of the stave, the increase in the heat flux is relatively small. In blast furnace safety monitoring, the safe value of the stave heat flux is often set to a fixed value, which causes frequent burning through accidents of the hearth. We should pay enough attention to it.
After the localized depression erosion of the hearth occurs, the furnace protection work should be carried out as soon as possible to slow down the erosion rate. We summarized a method of judging the location of localized depression erosion according to the heat flux of the cooling staves, which can provide a basis for more effective measures to protect the furnace.
